ABSTRACT -The objective of this study was to evaluate a technique for quantifying eggshell conductance using shell fragments from hatched eggs. Additional objectives were to calculate the correlation between eggshell conductance, porosity, and thickness and correlate these parameters with incubation data. The study design was fully randomized in a 3 × 3 factorial scheme (three egg regions -large end, equator, and narrow end -and three ages of broiler breeders -29, 35, and 59 weeks). A total of 216 eggs were used, with 24 repetitions for each treatment. Neither conductance nor shell thickness showed any interaction with egg region. Breeder age influenced eggshell conductance, such that it was greatest in eggshells from 59-week breeders (0.323 mg day −1 torr −1 ), while for 29-week and 35-week breeders, the conductance values found were 0.285 and 0.270 mg day −1 torr −1 , respectively. The eggshell thickness was similar in eggs from 29 and 35-week breeders and these were greater than the thickness of eggshells from 59-week breeders. Correlations between mean eggshell conductance and chick body weight and yolk free chick body weight were found significant. There were no correlations between mean eggshell thickness and any of the data evaluated. There were positive correlations between mean eggshell porosity and egg weight loss up to the time of transfer, chick weight, and yolk free body weight. The technique of using eggshell fragments can be used for measuring eggshell conductance. Eggshell porosity is the characteristic that best correlates with incubation parameters.
Introduction
Eggs are a system that supports embryo development provided that warmth, humidity, periodic turning, and gas exchange are available. The embryo development rate is directly dependent on the oxygen supply that is diffused through the pores of the shell. According to Ar et al. (1974) , conductance is the capacity to achieve gas exchanges (oxygen, carbon dioxide, and metabolic water), which take place in eggs through the pores in their shells. Thus, the biological concept of shell conductance is based on the fact that the quantity of energy available for embryo development depends on the quantity of oxygen that enters the egg through its shell, given that embryo metabolism is primarily aerobic.
Eggshell conductance is related to loss of metabolic water and gases from inside the egg to the external environment. During the incubation period, it is important to maintain the rate of water loss at an appropriate level for satisfactory hatching, i.e., between 10 and 14% (Araújo et al., 2016) . According to Gonzales and Mello (2012) , problems of inappropriate egg weight loss due to low or high conductance can be corrected within certain limits, through increasing or decreasing the humidity within the incubation environment. However, eggshell conductance is still subject to change over the course of the incubation period, relating to genetics, age and diet of breeders, egg weight at the start of incubation, embryo size, eggshell quality, and the temperature and humidity of the incubation environment.
In commercial incubators, measurement of egg weight loss from the start of the incubation process to the time of egg transfer from the incubation machine to the hatcher is an indirect means of obtaining eggshell conductance values and, thus, ascertains whether adequate gas exchange is occurring (Shafey, 2002) . Proper management of humidity during incubation based on knowledge of eggshell conductance may result in better hatchability, birth window, and chick quality. Therefore, knowledge of conductance values, as a characteristic of eggshells, is of great importance for making better use of incubation parameters.
The technique currently used for quantifying eggshell conductance was proposed experimentally by Ar et al. (1974) , who used the entire egg. The egg is placed in a desiccator made of glass, containing silica gel to ensure that there is no humidity in the environment and the temperature is controlled at 25 °C. Considering that the internal environment of the egg is saturated, water loss through the shell pores occurs because of the pressure difference between inside and outside the egg; eggshell conductance measurements can thus be obtained. However, this technique does not allow evaluation of eggshell conductance as the embryo develops. The conductance may vary as a function of the absorption and use of the residual yolk, conditioned through gas exchange consisting of entry of oxygen and exit of carbon dioxide and metabolic water that the embryo itself produces. Portugal et al. (2010) developed a technique for obtaining eggshell conductance that used eggshell fragments from extinct. The technique used was validated experimentally by these authors and they found that the conductance obtained through their proposed method was compatible with the results from the traditional method (using whole eggs) that had been presented by Ar et al. (1974) .
Evaluation of eggshell conductance after hatching may constitute a simple and routine field practice. Data on each batch, age, and lineage that are stored in a database may enable quick decisions regarding adjustments to temperature and humidity in the incubation machine. This would optimize the incubation process in different types of incubator, which could be single-or multiplestage. However, no methods for evaluating the eggshell conductance of broiler chickens using only fragments of the shells have been reported in the literature. Therefore, the objective was to evaluate a technique for quantifying eggshell conductance using only eggshell fragments. This study also aimed to investigate correlations between eggshell conductance and eggshell quality (thickness and porosity) and between conductance and incubation parameters.
Material and Methods
This experiment was conducted at a university in the city of Goiânia, GO, Brazil and at a commercial incubator in the city of Itaberaí, GO, Brazil (Latitude: 16°01'13" S and Longitude: 49°48'37" W). Research on animals was conducted according to the institutional committee on animal use (case no. 038/2013).
The treatments involved a combination of two factors: ages of breeders and the region of the eggshell. Broiler breeders of the commercial lineage Cobb500 of three different ages (29, 35 , and 59 weeks) were used and three eggshell regions (large end, equator, and narrow end) were examined, thus totaling nine treatments. The study design was fully randomized in a 3 × 3 factorial scheme (breeder age versus eggshell region) and the experimental unit was one egg. There were 24 repetitions per treatment, thus totaling 216 eggs. The eggs of 29-week-old breeders weighed 59.16±1.25 g, of 35-week-old breeders, 60.02±1.01 g, and of 59-week-old breeders, 69.70 ± 1.09 g.
Shells were obtained from recently hatched eggs from broiler breeders of the Cobb500 strain, of different ages. The eggs had all been incubated in one single-stage commercial machine, distributed in four central trays of the cart of incubation, with each tray containing eggs of all the ages of the breeders. Before the experiment was conducted on the shells, the physical quality of the neonate chicks from each of the 216 eggs studied was analyzed. This was noted for subsequent correlation with the shell quality data. The following parameters were evaluated: egg weight loss from the start of incubation to the time of transfer (18 days), egg weight loss from one day until 18 days, chicken body weight, percentage of chicken body weight (chick body weight × 100/egg weight), residual yolk weight, percentage of residual yolk weight (residual yolk weight × 100/egg weight), yolk free body weight, and percentage of yolk free body weight (yolk free body weight × 100/egg weight).
The technique used to determine the conductance was adapted from Portugal et al. (2010) , who also used shell fragments from recently hatched eggs. In this trial, plastic microtubes with a capacity for 1.5 mL of water were used.
The shells were washed in distilled water and the shell membranes were removed with the aid of tweezers and a sponge. The shells were left to dry for 2 h at room temperature. Subsequently, fragments of approximate size of 2 cm² were cut, such that they would be big enough to cover the entire opening of the plastic microtube ( Figure 1 ). Each region of the egg was evaluated (narrow end, equator, and air chamber). Two repetitions were used per region, thus totaling six shell fragments from each egg.
One thousand and two hundred sixty plastic microtubes, each with a capacity of 1.5 mL, were used. The microtubes were each labeled and filled with 1.0 mL of distilled water. Then, the eggshell fragment was glued across the opening of the microtube using plastic glue applied to the rim of the microtube. Mild pressure was used to ensure adhesion between the shell and the rim, while avoiding entry of the glue into the microtube. The microtubes were held vertically in a Styrofoam plate and were left at room temperature (25 °C) for 2 h for the glue to dry. After this drying period, the microtubes were weighed for the first time. They were then placed in two desiccators (305 × 305 × 305 mm, with a volume de 24.6 L), such that each desiccator contained 630 shell fragments. The desiccators contained desiccating silica (blue silica gel), which provided an internal environment with zero humidity.
Eggshell conductance was determined directly from the weight loss of the plastic microtube during the period for which it was kept inside the desiccator. Thus, the microtubes were weighed on four consecutive days, at 24-h intervals. This was done with a balance with precision to four decimal places (OHAUS Adventurer).
The weight loss was used to calculate the specific conductance of the shell (narrow end, equator, and large end) and mean conductance. The formula proposed by Portugal et al. (2010) was used:
, in which G H2O (mg day −1 torr −1 ) is the eggshell conductance, M H2O is the mass of water that was lost after 24 h in the desiccator (mg day −1 ), and ∆P H2O (torr −1 ) is the difference in vapor pressure between inside the egg and the outside environment (for this region, it was 23.77 torr −1 ). To determine the conductance, the first weight loss of the microtubes was disregarded and its measure was used for the standardization of water loss and verification of the method used. The mean between the second and third weight loss measurements was used. The mean eggshell conductance was the mean of the conductance in all regions of the eggs. The shell fragments of these eggs were also used to determine the shell porosity and thickness.
The eggshell thickness was measured using the STARRETT series 3732 external electronic micrometer (resolution 0.0001 mm) on fragments taken from the wide end, equatorial, and narrow end regions, from which the mean thickness per egg was obtained. Two repetitions for each of the eggshell regions were used. The measurements were made after extracting the shell membranes. The mean eggshell thickness was calculated taking all three regions of the egg into consideration.
The number of pores in the shells was evaluated in all three regions of the eggshell. The shell fragments were prepared in accordance with the technique described by Rahn et al. (1981) . Two shell fragments from each eggshell region were used. They were placed in beakers separately and boiled in 5% aqueous NaOH solution for 10 min. Subsequently, they were immersed in water in another receptacle and were then left to dry at room temperature for 3 h. After they had dried, the samples were stained with an aqueous solution of 1% methylene blue, by means of a dropper, for 2 min. They were then washed in running water and dried at room temperature for a further hour. An area of 1 cm² divided into four areas of 25 mm² was then marked out on each fragment, using a template. The number of pores was counted under a stereomicroscope and the sum of the four areas of 25 mm² was considered as the number of pores per cm² for each of the regions (large end, equator, and narrow end). The mean porosity of the eggshell was obtained as the mean of the porosities of the three eggshell regions.
All the analysis data were evaluated for normality by the Shapiro-Wilk test. After that, the data normal distribution quantitative results were subjected to analysis of variance and the means were compared by Tukey's test (5%). Pearson's correlation (5%) was used on the total conductance data of the eggshell in relation to various incubation and physical quality parameters from the neonates: egg weight loss from the start of incubation to the time of transfer (18 days), neonate chick weight, percentage of the neonate chick weight in relation to the egg weight, weight of the residual yolk, and net weight of the neonate chick (chick weight after subtracting the residual yolk weight). Pearson's correlation was also used among the eggshell conductance, porosity, and thickness values. All the analyses were performed using the R software (R Development Core Team, 2014).
Results
The factors of egg region and breeder age did not show any interaction (P>0.05) in relation to conductance or porosity, but there was an interaction in relation to eggshell thickness (Table 1 ). The mean eggshell conductance differed according to age of breeders (P<0.05), such that the oldest breeders (59 weeks old) presented higher eggshell conductance than the youngest breeders (29 weeks old). However, the conductance found in eggs from the oldest and youngest breeders did not differ from the conductance of eggs from breeders aged 45 weeks.
The eggshell conductance was influenced by the region of eggshell that was studied (P<0.05). The narrow end presented lower conductance than the other regions of the eggshell. A smaller number of pores and greater shell thickness in this region were also observed in this study (P<0.05). These results provide an explanation of why the specific conductance is so low in the region of the narrow end.
Eggshell thickness was influenced by age of breeders (P<0.05), e.g., the mean shell thickness was less in the eggs from breeders aged 59 weeks than at the other ages studied. Furthermore, the eggshell thickness was different in each eggshell region (P<0.05): it was greatest at the narrow end, followed by the equator and the large end, thus showing that the region of the air chamber presents the smallest thickness, which facilitates the exit of chick from the egg.
It was observed that, independent of the age of breeders, the region of the large end presented the greatest number of pores, followed by the equator and narrow end (P<0.05) ( Table 2 ). In relation to age, the large end and equator regions presented significant increases in the numbers of pores (P<0.05) as breeders become older. However, the region of the narrow end only presented a greater number of pores at breeder ages greater than 35 weeks. Therefore, the greater conductance seen in breeders aged 59 weeks, in relation to those aged 29 weeks, was coherent with the greater porosity observed in eggs from older breeders. It could also be seen that for all eggshell regions, the number of pores was always greater (P<0.05) in eggs from older breeders (59 weeks).
For Pearson's correlation analyses, strong correlations were taken to be those with r≥0.7; moderate correlations, r between 0.5 and 0.69; and weak correlations, r≤0.49.
Eggshell conductance did not show any significant correlation (P>0.05) with either thickness or porosity in the region of the large end of the egg. There was a significant correlation (P<0.05) between shell conductance and the number of pores both at the equator and at the narrow end of the egg (Table 3) . Nevertheless, although positive, the correlations were weak.
The mean eggshell conductance was correlated (P<0.05) only with the chick body weight (r = 0.15) and the yolk free chick body weight (r = 0.19) ( Table 4 Sampaio (2007) , even a weak correlation may be an indication of a possible association between two variables. The mean eggshell thickness did not show any correlation with any of the incubation parameters analyzed (P>0.05). This result emphasizes that the thickness analysis may have been impaired through the eggshell calcium intake that takes place during embryo development. Embryos take the calcium that they use for their bone formation from the internal layers of the eggshell. This attrition has a direct influence on shell thickness.
Mean eggshell porosity showed the best correlations with the incubation data. It showed weak positive correlations with egg weight loss between the start of incubation and the time of transfer (18 days) and with the yolk weight (r≤0.49). It showed weak negative correlations with the percentage of chicken body weight and with the percentage of yolk free body weight (r≤0.49). There was a strong positive correlation between eggshell porosity and chick body weight.
Discussion
In this study, it was shown that age affects the conductance of eggshell and the eggshell porosity is the eggshell characteristic most correlated with the incubation results. To best of our knowledge, this is the first study demonstrating this relation and the first to standardize the technique that uses eggshell fragments to quantify the conductance of eggshell of domestic chicken of different ages.
The narrow end presented lower conductance than the other regions of the eggshell. A smaller number of pores and greater shell thickness in this region were also observed in this study. Age of breeders affected the mean eggshell conductance (P<0.05), such that the oldest breeders (59 weeks) presented higher eggshell conductance than the youngest breeders (29 weeks). These results corroborate those of O'dea et al. (2004) , who studied eggshell conductance among flocks of three different ages (37, 45, and 53 weeks), using the technique in which the whole egg was placed in the desiccator. They found that the percentage egg weight loss and eggshell conductance increased with increasing age of the hen.
These results also corroborate those of Morita et al. (2009) , who studied the conductance of fertile eggs from breeders of different ages by means of egg weight loss during the first week of incubation. They found that eggs from older breeders presented higher conductance. Thus, it can be suggested that a technique using eggshell fragments might be efficient in determining eggshell conductance. According to Meir and Ar (2008) , as age increases, eggshell conductance also increases as a consequence of the increasing numbers of pores in the eggshell and the cracks that may appear in the eggs of older breeders. These authors studied shell conductance of a batch of young breeders, starting at the age of 30 weeks. They found that water loss from the eggs at the end of the 70 weeks of age increased by 5%.
The mean shell thickness was lower in eggs from old breeders. Furthermore, the eggshell thickness was different in each eggshell region, i.e., it was greatest at the narrow end, followed by the the equator and the large end, thus showing that the region of the air chamber presents the smallest thickness, which facilitates the exit of chick from the egg. These results are concordant with those of Barbosa et al. (2012) , Morita et al. (2010) , and Gualhanone et al. (2012) , who studied the shell thickness of recently hatched eggs from broiler breeders of different ages.
Older breeders produce larger follicles, thus increasing the yolk size, which consequently increases the size of the eggs. However, the amount of calcium carbonate available to form the shell remains the same; thus, the eggshell Table 4 -Correlation coefficient (r) and probability (P) for mean eggshell conductance, thickness, and porosity in relation to the incubation parameters analyzed becomes thinner and presents a higher number of pores in eggs of older breeders (Stringhini et al., 2011) . In this way, eggs from older breeders may be less resistant and may present a higher probability of defects that impair the peel quality parameters due to their smaller thickness and pore number and size. According to Ancel and Girard (1992) , eggshell porosity decreased from the large to the narrow end. The greater concentration of pores in the large end of the egg can be explained biologically. Bamelis et al. (2008) stated that the region of the air chamber is usually saturated with water vapor, which means that the gas exchange rate depends on the shell conductance, which in turn depends on shell porosity and thickness, along with the temperature and humidity of the incubator.
Higher conductance enables greater gas exchange, which may contribute to improving the use of nutritional support that is provided by the egg, thus resulting in better chick weight at birth. According to Araújo et al. (2016) , eggshell conductance is related to loss of metabolic water and gases from inside the egg to the external environment. During the incubation period, it is important to maintain the rate of water loss at an appropriate level for satisfactory hatching, i.e., between 10 and 14%. In addition, Moran Jr (2007) stated that metabolism of embryos during the initial period of development is practically all anaerobic. The albumen is a dominant factor in the success of the transition of the embryo from anaerobic to aerobic metabolism (Oviedo-Rondón and Murakami, 1998) . Thus, around the fifth day of development, a vascular system is established, with formation of a chorioallantoic membrane capable of ensuring exchange of carbon dioxide for oxygen. Fatty acids form the main source of energy for the embryo at this stage (Sato et al., 2006) .
The correlation between the conductance and eggshell and its thickness was non-existent. These results are concordant with the theory that porosity is a determinant for water loss from the egg (Meir and Ar, 2008) . Thus, it can be inferred that eggshell conductance does not depend only on shell thickness. The main factor may be the number of pores present in the eggshell. Considering that eggshell thickness was measured after the incubation process, the correlation between thickness and conductance may have been impaired. According to Gualhanone et al. (2012) , eggshell thickness may diminish by around 12.5% between the start of egg incubation and the day of hatching, with variations in this decrease in thickness among the different regions of the eggshell.
It was found that the greater the number of eggshell pores, the higher the chick weight. This result may be related to the age of breeder, which was seen to be directly related to the number of eggshell pores. Older breeders laid eggs with thinner and more porous shells and produced chicks of greater weight (Araújo et al., 2016) . The strong positive correlations that chick weight and yolk free body weight showed in relation to mean eggshell porosity can be explained by the metabolism of the embryo, since it receives oxygen by means of diffusion through the shell pores. This observation is the basis of the biological concept of shell conductance, which may determine the quantity of energy for the embryo, the final maturation of the tissues, and the start of hatching (Christensen et al., 2006) . This amount of energy may be the reason why chicks from eggs with greater conductance are heavier than those from eggs with lower conductance.
According to Oviedo-Rondón and Murakami (1998), eggshell conductance is also determined by the weight of the incubated egg, which is directly proportional to conductance. Larger eggs may have greater loss of water vapor, thereby leading to successful embryo development. Thus, according to Shafey (2002) , the shells of these larger eggs are more porous and thinner, which enables greater passage of metabolic water and gases. Furthermore, for every gram of fat metabolized by the embryo, 1 g of metabolic water is formed and needs to be eliminated from inside the egg (Oviedo-Rondón and Murakami, 1998) . This elimination is facilitated by the elevated shell porosity of eggs of greater weight and size.
Through the results from these correlations, it could be seen that eggshell porosity was fundamental for the egg to lose water. Besides, eggs with greater porosity that enabled greater gas exchange gave rise to better results. These results allow estimation of chick performance in the field, from the initial weight of the bird.
Conclusions
The technique of using eggshell fragments to determine conductance follows the same pattern as previously found in techniques that use whole eggs. There is greater conductance in eggs from older breeders. Correlation between eggshell conductance and porosity is observed. For studies on recently hatched eggs, eggshell porosity data should be used for correlations with incubation characteristics.
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